Abstract: Performance of frequency-modulated differential chaos shift keying (FM-DCSK) communication systems with timing synchronization error is investigated over the additive white Gaussian noise (AWGN) and the multipath channels in this paper. A multi-frame FM-DCSK system is proposed, and compared with the conventional one in terms of the effect of synchronization error on the bit error rate (BER) performance. Simulation results show that the proposed system can tolerate more synchronization error than the conventional one.
Introduction
Chaotic communication systems employ non-periodic chaotic waveform to convey information [1] , [2] . To date, several chaotic modulation schemes have been proposed, such as chaos shift keying (CSK), chaos on-off keying (COOK), differential chaos shift keying (DCSK) [3] and frequency-modulated differential chaos shift keying (FM-DCSK) [4] , etc. Chaotic modulation is a promising technique, since chaotic waveform has an inherent wideband property. This property enables the chaos-based systems to resist frequency-selected fading in multipath environments and makes the power spectrum density of the systems fairly low, preventing the systems from intercepting.
Coherent detection can be used for chaotic schemes if the basis function can be recovered precisely in the receiver. However, precise recovering cannot be achieved if the signal propagation environment is poor. Alternatively, non-coherent detection is commonly employed in chaotic schemes, such as COOK, DCSK and FM-DCSK, to name just a few. Among them, FM-DCSK is proven not only having the best noise performance but also possessing a superior capability of anti-interference over multipath fading channels without the need of some compensatory measures such as channel estimation, equalization, or Rake reception [5] - [7] .
Some detailed bit error rate (BER) performance evaluations and analysis of the FM-DCSK system in additive white Gaussian noise (AWGN) channels and multipath channels have been reported [8] , [9] . The above are derived based on the assumption of having perfect timing synchronization. In practice, however, timing synchronization errors occur in many wireless communication systems due to, e.g., poor propagation conditions and clock jitters in the receivers, which may degrade the performance the systems. In terms of chaotic communication systems, the effects of synchronization errors on the performances of DCSK systems and enhanced DCSK systems over the additive white Gaussian noise (AWGN) channel are reported in [10] , and in [11] , [12] , the performance of the FM-DCSK UWB systems with timing error is investigated under the IEEE 802.15.4a channels.
This paper analyzes and simulates the effects of the timing synchronization errors on the FM-DCSK communication systems over both the AWGN and multipath channels. An FM-DCSK system with multi-frame structure is proposed. Simulations show that the proposed system not only has better bit error rate (BER) performance but also offers better robustness to timing error, as compared to the conventional one with the same data rate.
The rest of the paper is organized as follows. Section 2 illustrates the system model with synchronization error. A multi-frame FM-DCSK system is proposed in Section 3, and simulation results are presented in Section 4. Finally, conclusion is drawn in Section 5.
System Model with Synchronization Error
The block diagram of the FM-DCSK system is shown in Fig. 1 The binary FM-DCSK modulation unit transmits a reference segment of the chaotic signal and its repeated or reverse segment, according to the digital information "1" or "0". The modulated signal for transmission is represented by two orthogonal basic functions, 1 ( ) g t and 2 ( ) g t , as follows:
(1)
where sm(t) is the modulated signal for transmission and Eb is the bit energy. m = 1 if the transmitted information is "1" and m = 2 if the transmitted information is "0". The two basic orthogonal functions are
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where T is the symbol duration and c(t) is the frequency-modulated chaotic carrier, whose bit energy has been normalized to one.
Let 1 ( ) h t and 2 ( ) h t denote the impulse response of radio propagation channel and channel filter, respectively, and n(t) is the AWGN with zero-mean and variance N0. In the FM-DCSK receiver, the observation signal is given by
t r t T dt s t n t s r T nr T dt
Here, ( )
is the received useful signal through the channel filter,
is the noise signal through the channel filters and ⊗ represents convolutional operation. Moreover, τ represents the actual integral starting point determined by the timing synchronization algorithm as show in Fig. 2 , where τ denotes the receiver's ideal integral starting point.
I
T is the integral window length. 
Proposed Multi-frame FM-DCSK
In the conventional FM-DCSK system, each symbol contains only one frame, where the first half frame contains the reference signal and the second half frame contains the data signal. In this section, a multi-frame binary FM-DCSK system is proposed. In this new system, the symbol period is as same as that of the conventional system. Each symbol contains Nf frames, and each frame consists of a reference signal and a data signal. To achieve this, there are 2Nf -1 delay modules in the transmitter for the proposed multi-frame systems as illustrated in Fig. 3 , where each delay module has T/2Nf delay duration, and {I1, …, 
,
The receiver of the proposed multi-frame system is similar to that of conventional one except that the delay module has the delay duration of T/2Nf. The performance of the proposed system with timing synchronization inaccuracy will be investigated in the next section.
Simulation Results
In the simulations, the chaotic map for generating chaos is the Logistic map [1] . The other system parameters are set as follows: symbol period T = 1 µ R = 1 Mbps) and 2 µ R respectively; sample frequency fs = 64 MHz. The simulation channels are the AWGN channel and multipath channel, respectively. The multipath channel is modeled as a tapped delay line shown in Fig. 4 , where N is the number of paths, {a1, a2…, aN} and {T1, T2…, TN} are decay factors and delays of paths, respectively. The integral window length I T is set as T/2 if not indicated. Moreover, the system with T = 1µs has better performance than that with T = 2µs but the latter is less sensitive to the synchronization error since it has longer symbol duration than the former. Further, the BER performance of the system is simulated over the multipath channel, with decay factors of {a1 = 0.4, a2 = 0.4, a3 = 0.2} and delays of {T1 = 0ns, T2 = 10ns, T3 = 50ns}. Fig. 6 shows the performance of the FM-DCSK system with perfect synchronization ( 0 τ ∆ = ), later timing ( 0 τ ∆ > ) and earlier timing ( 0 τ ∆ < ), respectively, over the multipath channel. Again, one can observe that the BER performance is deteriorated by the synchronization error and the system with longer symbol duration (T = 2µs) is more robust to the synchronization error than the system with shorter symbol duration (T = 1µs), which is similar to the result over the AWGN channel. Meanwhile, it is worth noticing that with the same synchronization error, the later timing outperforms the earlier timing in terms of BER performance over the multipath channel. This phenomenon is caused by the multipath effect, which makes the signal spread in the time domain. Thus, the integral interval of the later timing contains more useful signal energy and less inter-symbol interference (ISI) than that of the earlier timing. The more useful signal energy is captured and less ISI is induced, the better the BER performance is.
Performance over the AWGN Channel and the Multipath Channel

The Effect of Integral Window Length
From Fig. 2 , it is clear that the integral in (4) with I T = T/2 will induce ISI when 0 τ ∆ ≠ , which deteriorates the performance of the system. Thus, there exists an optimum integral interval length to further improve the BER performance of the system when the timing synchronization is imperfect. Fig. 7 shows the effect of integral window length on the BER performance of the system with synchronization error Δτ = 100 ns over the AWGN channel. One can observe that the BER performance of the system with the new integral length I T = T/2 -Δτ is improved compared with that with fixed integral length T/2. Therefore, an algorithm estimating the optimum integral length (e.g., [13] , [14] ) can be further developed to enhance the BER performance of the system in the case of synchronization error, which is out of the scope of this paper. 
The Performance of the Proposed Multi-frame System
Finally, the performance of the proposed multi-frame system over both AWGN and multipath channels is evaluated and shown in Fig. 8 . It can be observed that over the AWGN channel, the proposed multi-frame FM-DCSK has better BER performance in both cases of perfect and imperfect timing synchronization, as compared to the conventional FM-DCSK with single frame. And for the multipath channel, one can observe that although the single-frame FM-DCSK offers the similar BER performance to the multi-frame one in the case of perfect synchronization when Eb/N0 =13 dB, the multi-frame FM-DCSK still shows obvious performance advantage as synchronization error increases. Therefore, it is clear that the proposed new system is more reliable in the case of timing synchronization error over both the AWGN and multipath channels.
Conclusions
In this paper, the performance of the FM-DCSK communication systems with the synchronization error over both the AWGN and the multipath channels has been investigated. A multi-frame FM-DCSK system is proposed, and compared with the conventional one in terms of the effect of synchronization error on the BER performance. Simulation results show that the proposed system has more synchronization error tolerance than the conventional one, which makes it more robust against the imperfect synchronization in the practical applications.
